Abstract As ErbB signaling is a determinant of prolactin synthesis, role of ErbB receptors was tested for prolactinoma outcomes and therapy. The objective of this study was to characterize ErbB receptor expression in prolactinomas and then perform a pilot study treating resistant prolactinomas with a targeted tyrosine kinase inhibitor (TKI). Retrospective analysis of prolactinomas and pilot study for dopamine agonist resistant prolactinomas in tertiary referral center. We performed immunofluorescent staining of a tissue array of 29 resected prolactinoma tissues for EGFR, ErbB2, ErbB3, and ErbB4 correlated with clinical features. Two patients with aggressive resistant prolactinomas enrolled and completed trial. They received lapatinib 1,250 mg daily for 6 months with tumor and hormone assessments. Main outcome measures were positive tumor staining of respective ErbB receptors, therapeutic reduction of prolactin levels and tumor shrinkage. Treated PRL levels and tumor volumes were suppressed in both subjects treated with TKI. EGFR expression was positive in 82 % of adenomas, ErbB2 in 92 %, ErbB3 in 25 %, and ErbB4 in 71 %, with ErbB2 score [ EGFR [ ErbB4 [ ErbB3. Higher ErbB3 expression was associated with optic chiasm compression (p = 0.03), suprasellar extension (p = 0.04), and carotid artery encasement (p = 0.01). Higher DA response rates were observed in tumors with higher ErbB3 expression.
Introduction
Pituitary tumors are monoclonal adenomas accounting for *15 % of primary intracranial neoplasms [1] . Although usually benign, excess hormone secretion may lead to distinct endocrine syndromes and tumoral growth to compressive symptoms [1] . Prolactinomas are usually treated with primary dopamine agonist (DA) therapy which normalizes prolactin levels in 80-90 % of patients with microprolactinomas and in 70 % of macroprolactinomas. Twenty percent of patients are resistant to medications, failing to normalize prolactin and not experiencing tumor mass shrinkage [2, 3] . Increasing DA doses in these patients may not be tolerated, and surgery is then indicated, with 75 % cure rate for microprolactinomas and 34 % for macroprolactinomas [4, 5] .
However, 7-50 % of prolactinomas recur postoperatively and grow progressively despite antitumor therapy [6, 7] . These recurrent tumors may be atypical adenomas, which have been identified in *15 % of all resected pituitary tumor tissue [8, 9] and may represent an intermediate stage in tumor progression from benign to carcinoma [10] .
Alternative treatment options are required for such tumors resistant to available treatments [11, 12] . Anecdotal reports of pharmacotherapy for aggressive and/or resistant prolactinomas include somatostatin analogues, which do not inhibit PRL levels, and estrogen receptor modulators, which may mildly inhibit PRL. Temozolomide may reduce tumor size and PRL secretion, though not in all cases nor are effects necessarily maintained over time [13] [14] [15] [16] [17] .
The epidermal growth factor receptor (EGFR) family comprises EGFR (ErbB1, HER1), p185
ErbB2/neu (ErbB2, HER2), ErbB3 (HER3) and ErbB4 (HER4), all transmembrane tyrosine kinase receptors. Ligand binding induces formation of receptor homo-and heterodimers, activation of the intrinsic kinase domain and intracellular signaling [18] .
ErbB2 lacks a known direct ligand and acts as a heterodimerization partner for other ErbB receptors, and overexpression can cause transformation without expression of a cognate growth factor [19] . ErbB3 lacks innate kinase function but can form heterodimers with the other three members [20] . ErbB2/ErbB3 heterodimers are the most prevalent and mitogenically potent of ErbB receptor/ ligand complexes [20] .
Aberrant ErbB receptor expression, mutations, or overexpression lead to abnormal receptor activation of intracellular signaling and is associated with pathogenesis of several human cancers [21] [22] [23] [24] [25] . Selective therapeutic targeting particularly of EGFR and p185 her2/neu has exhibited therapeutic efficacy [25] . Lapatinib is a TKI that targets both EGFR and ErbB2 and is used in combination for advanced ErbB2-positive breast cancer [26] .
ErbB receptors and ligands are expressed in nontumoral lactotrophs and induce PRL [27] [28] [29] . Lacto-somatotroph derived tumors express ErbB receptors and ligands, and targeting this system regulates PRL gene expression, secretion, and tumor size [30] [31] [32] . Models of lactotroph tumor pathways abrogated by tyrosine kinase inhibitors (TKI) support the hypothesis that ErbB receptors activate PRL secretion and lactotroph proliferation [33] . Rationale for use of a dual EGFR/ErbB2 dual TKI was based on gefitinib, an EGFR TKI, decreasing rat GH 3 somato-lactotroph cell proliferation and PRL mRNA expression in vitro and tumor xenograft volume and PRL secretion in vivo [34] . Gefitinib also suppressed heregulin-induced ErbB receptor activation and signaling and prevented p185 cneu and ErbB3 heterodimerization and PRL secretion in vitro [35] . In stable transfectants of a constitutively active form of ErbB2cDNA (HER2CA), lapatinib suppressed EGF-induced ErbB2 and MAPK phosphorylation, intracellular PRL levels, cell proliferation, and colony formation [33] . Rats implanted with HER2CA cells and treated with lapatinib exhibited smaller tumors and suppressed PRL levels [33] . Estradiol induced rat prolactinoma growth rate and prolactin production were also inhibited by lapatinib. Importantly, lapatinib suppressed PRL mRNA and protein secretion from cultured human prolactinoma cells [33] . We performed a pilot study in two subjects to test whether DA resistant aggressive prolactinomas respond to lapatinib. We also comprehensively evaluated prolactinoma ErbB receptor expression and assessed their association with clinical tumor features.
Materials and methods

Retrospective pathologic study of ErbB receptor expression and correlation with clinical parameters
Tissue array
Pituitary tissue was obtained after written consent by patients participating in the Pituitary Tumor Research Registry (Cedars-Sinai IRB # 2873). Tissue arrays were derived from available tumors after pathology review with 1 core (1.2 mm) collected per tissue block. The prolactinoma array was composed of tissue derived from 29 prolactinomas operated on at our institution from 1998 to 2010. Though there were additional prolactinomas in the pathology archives, insufficient tissue was available from these to create a tissue array and therefore only able to create an array of 29 prolactinomas. The following control tissues were included: two corticotroph adenomas, two GH adenomas, two nonfunctioning adenomas, eight normal pituitaries, three tubullovillous adenomas, one nonsmall cell lung cancer, one lung adenocarcinoma, one breast fibroadenoma, and two breast cancers (Supplemental Table 1 ).
Immunofluorescence
Tumor specimens were fixed, embedded, antigen retrieved, blocked, and incubated with rabbit polyclonal anti-EGFR (sc-03; 1:50; Santa Cruz), rabbit polyclonal anti-Neu (C-18) (sc-284, 1:100; Santa Cruz), rabbit polyclonal antiErbB3 (C-17) (sc-285, 1:100, Santa Cruz), mouse monoclonal anti-erbB4 (#MS-637-P0, 1:25, Thermoscientific 
Scoring of staining
Slides were manually scored by two independent reviewers (SB and OC). For disagreements on positive or negative staining (in five cases for EGFR, two cases for ErbB2, four cases for ErbB3, and four cases for ErbB4), a third reviewer decided the score (Supplemental Table 2 ). The whole tissue core of each tumor was captured on each image and qualitatively assessed for percent positive staining. Intensity was scored on a scale of 0-3 with score 0 reflecting no staining, score 1 faint/barely perceptible staining; score 2 moderate staining; and score 3 strong staining (Supplemental Fig. 1 ). The quick score was calculated as a product of percent positive staining and intensity [36, 37] .
Clinical data
Clinical parameters on the tissue array tumors were retrospectively collected. Cavernous sinus invasion was assessed by Knosp [38] scoring system. Tumor volume was calculated using two methods. The first method calculated volume as a product of each dimension divided by two. The second method used Open Source OsiriX Ò Imaging Software for MacOS (analysis performed by OC). The region of interest was defined on each slice and closed polygons manually drawn around the perimeter of the lesion, and the volume was then automatically derived by the program. Biochemical cure was defined as normal prolactin level after dopamine agonists were discontinued at last follow-up visit. Atypical adenomas were defined as Ki-67 C 3 %, increased mitotic index, and positive p53 [39] . The 2011 Endocrine Society clinical practice prolactinoma guidelines define DA resistance as ''a failure to achieve a normal prolactin level on maximally tolerated doses of DA and a failure to achieve a 50 % reduction in tumor size'' [4] . We defined maximal cabergoline dose as 1 mg daily (or equivalent dose of bromocriptine). Percent tumor size reduction was calculated based on radiologic change in tumor size while receiving preoperative DA. Percent PRL reduction was calculated based on the change in PRL prior to initiating DA to the preoperative value on DA.
Prospective patient pilot study
Pilot study design
Informed consent for this investigator-initiated open label, single cohort proof of concept trial (IRB # 18129) was obtained from patients with prolactinomas who demonstrated persistently elevated prolactin levels on maximally tolerated cabergoline therapy (at least 1 mg a day). Exclusion criteria included reduced left ventricular ejection fraction less than 50 %, hepatic impairment, and pregnancy. Subjects with visual field deficits were excluded if the deficits had not been stable for at least 6 months. If they were stable for [6 months, then they were able to be included in the study.
Subjects were administered oral lapatinib 1,250 mg daily for 6 months (provided by GlaxoSmithKline, Philadelphia, PA) and maintained on their current DA regimen throughout the study.
Primary outcome was normalization of prolactin levels. Secondary outcome was stabilization of tumor size as assessed by the neuroradiologist.
Adverse events were graded by the common terminology criteria for adverse events (CTCAE) version 4.02 (US Department of Health and Human Services). Patients demonstrating compromised visual fields or tumor growth on MRI were withdrawn from study and referred for surgery. Subjects were given the option to continue receiving the study drug if they demonstrated response as assessed by MRI and/or prolactin levels.
Statistical analysis
Means and standard deviations were calculated if continuous variables were normally distributed and medians and ranges if not normally distributed. Frequencies and percentages were calculated for categorical variables. For correlation of receptor expression with clinical outcomes, Spearman correlations were used because variables were not normally distributed. For comparison of continuous variables to a binary variable, Rank Sums were calculated with significance testing by Kruskal-Wallis test. Analyses were performed using SAS version 9.3. Statistical significance was set at p \ 0.05.
Results
Retrospective study
Clinical features
Median age of subjects was 37 years (range 16-83), 69 % females (n = 20), and 31 % males (n = 9). Median postoperative follow-up time was 2 years (0-16) for prolactin levels and 1 year (0-14) for imaging. Preoperative clinical features are summarized in Table 1 . Maximal tumor diameter on MRI (n = 20) was a median of 24 mm (4-49), and median tumor volume (n = 13) by the calculation method was 5,387 mm 3 (86-34,937) and by digital volumetrics was 1,070 mm 3 (60-67,880). Initial median prolactin level (n = 19) on diagnosis was 300 ng/mL 577) . Median duration of DA therapy was 15 months (2-144; n = 13). On maximally tolerated DA doses, median percent tumoral reduction was 0 % (0-88); n = 15). In 11 subjects, median prolactin percent reduction was by 87 % (46-100). Postoperative features are summarized in Table 2 . Surgical indications included DA resistance in 13/29, DA intolerance in 8/29, patient preference in 1/29, preoperative diagnosis of NFA or nonpituitary tumor in 3/29, and undocumented in 4 patients. Median postoperative day 1-2 PRL level (n = 22) was 9.9 ng/mL (0.9-2,525). Median Ki-67 was 2 % (1-5) in 24 subjects. Table 1 ). Median expression scores of percent positive staining in prolactinomas were 75 (0-100), 75 (0-100), 0 (0-100), and 40 (0-100) for EGFR, ErbB2, ErbB3, and ErbB4, respectively. ErbB receptor expression scores (percent positive staining) correlated with the quick scores, r = 0.94 (EGFR), 0.92 (ErbB2), 0.998 (ErbB3), 0.97 Prospective study
Pilot study results
Three subjects with resistant prolactinomas were screened. One was excluded due to unstable visual fields and referred for surgery, and two were enrolled as they did not manifest visual field deficits. They completed the study.
Subject 1 A 42-year-old female was diagnosed in 1995 with a prolactinoma, and PRL level 555 ng/mL, and maximum tumor diameter of 40 mm (original images were unable to be obtained to assess in three dimensions). She initially was treated with bromocriptine for 4 years which did not reduce the adenoma size, and underwent subtotal transsphenoidal resection with postoperative PRL of 300 ng/mL. Therapy was switched to cabergoline and dose titrated to 1 mg daily, maintained for 13 years. PRL levels remained high in the 100s, and the tumor continued to increase in size. Fatigue and severe headaches were present for the prior 3 years, scoring a 6-7/10 on a pain scale with exacerbations to a ten. Prior to starting study drug, PRL level was 311 ng/mL. Visual fields were normal. MRI dimensions of the adenoma were 23 9 27 9 34 mm (volume 11,988 mm 3 ), extending into the right cavernous sinus and encasing the right carotid (Knosp score 4). PRL level decreased to 93 and 67 ng/mL after 1 month and 6 months of lapatinib treatment, respectively. On MRI, the tumor reduced in size by 22 % at 6 months (9,366 mm 3 ) (Fig. 3) . Headaches decreased to a scale of 5/10 with occasional exacerbations, and fatigue improved. Cabergoline 7 mg/week was maintained throughout the study.
Experienced side effects on lapatinib included mild loss of appetite, mild alopecia, a single self-limited episode of diarrhea, and intermittent acneiform rash of the face and back. There were no echocardiogram or liver function changes. Given her clinical response, continued lapatinib was recommended as compassionate therapy in combination with cabergoline.
Subject 2 A 31-year-old female was diagnosed in 2006 with a prolactinoma, initial PRL level of 616 ng/mL, and MRI maximal diameter of 16 mm. Cabergoline was initiated and switched to bromocriptine due to concerns about valvulopathy, as suggested by presence of mild tricuspid valve regurgitation on an echocardiogram performed after 1 year of cabergoline use. PRL remained persistently elevated up to 1,139 ng/mL on bromocriptine 5 mg/day. She underwent subtotal transsphenoidal resection, of a densely granulated prolactinoma with postoperative PRL level of 286 ng/mL. Ki-67 was 3 %, weakly positive p53 to 2 %, and no increased mitotic activity. Bromocriptine was reinitiated at 5 mg/day with subsequent PRL level of 263 ng/ mL. Dose was further titrated to 10 mg/day, and PRL remained at 277 ng/mL, and then titrated up to 12.5 mg a day at which PRL levels continued to increase up to 692 ng/mL. At that time, she was switched to cabergoline 3 mg/week, and PRL was initially reduced to 373 ng/mL. However, as the dose was titrated up to 7 mg/week, PRL level remained at 383-472 ng/mL with persistent tumor growth, at which point the subject was referred for evaluation in the lapatinib study. Headache occurred twice a month with mild hair loss. At baseline, PRL level was 447 ng/mL, the adenoma measured 9.9 9 6.8 9 13.1 mm (volume of 890 mm 3 ) and had invaded the left cavernous sinus (Knosp score 1). Lapatinib 1,250 mg was added in 2012, and PRL levels decreased to 315 and 259 ng/mL, after 1 and 6 months of treatment, respectively (Fig. 4) . On MRI, the adenoma size was unchanged (volume of 813 mm 3 ) with improvement of the deviated infundibulum and improved headaches.
Reported drug side effects included mild alopecia and a pruritic, acneiform rash on the face, chest, and back, few episodes of self-limiting diarrhea, and no cardiac changes. The subject continues to receive cabergoline (1 mg daily) and will be undergoing surgical resection of the adenoma.
Discussion
We report for the first time a beneficial effect of ErbB antagonism, specifically with lapatinib, in the treatment of two patients with DA resistant prolactinomas. We support our clinical observation with a comprehensive assessment of prolactinomas ErbB receptor subtype expression profiles in association with clinical features.
Translation of our pre-clinical findings was implemented by our pilot study in DA resistant prolactinomas. The enrolled subjects had received cabergoline (1 mg daily) for several years, one prior surgical resection, and they exhibited persistent hyperprolactinemia and tumor growth despite continued DA therapy. Lapatinib was added in combination with cabergoline and responses monitored over 6 months. Both subjects exhibited PRL reductions with one subject having a 78 % reduction and near normalization of PRL level. This subject also experienced significant tumoral reduction in a tumor that had persistently grown while on 13 years of cabergoline monotherapy. After 6 years of DA therapy with suboptimal response, the second subject had a 42 % reduction in PRL levels with stabilization of tumor size with the addition of Fig. 3 Prolactin levels and tumor volumes in first lapatinib treated subject. The MRI of subject 1 is depicted. a Baseline MRI demonstrates homogeneously enhancing mass in right aspect of sella extending into cavernous sinus and encasing the carotid vessel, and abutting inferior aspect of right prechiasmatic optic nerve.
Lesion measures
lapatinib to cabergoline, in contrast to prior growth noted while receiving cabergoline monotherapy. Lapatinib was well tolerated in both subjects with minimal side effects which did not lead to premature discontinuation of the study drug, unlike experience with higher DA doses. Subjects noted improved clinical symptoms, including the first subject who had years of severe headaches requiring analgesic therapy several times a day, but during the course of the lapatinib trial noted marked headache improvement with decreased dose and frequency of required analgesics. The second subject also experienced headache improvement. Lapatinib effect is mediated by binding the ATP binding pocket of both EGFR and ErbB2, preventing autophosphorylation. In breast cancer models, overexpression of ErbB2 leads to downstream activation of MAPK-Erk signaling which is inhibited by lapatinib. PI3K-Akt is also activated in ErbB2 positive breast cancers where it promotes tumor cell survival and resistance to cancer therapies, and lapatinib blocks these effects, leading to increased apoptosis and decreased cell proliferation. Lapatinib also down-regulates survivin and XIAP, inhibitors of apoptosis (reviewed in [40] ). Lapatinib blocks formation of neuregulin induced ErbB2-ErbB3 heterodimers in MCF7 breast cells [41] , stabilizes ErbB2-ErbB3 heterodimers [42] and upregulates ErbB3 [43] . Potentially, higher expression of ErbB3 in patients treated with lapatinib could improve DA responsiveness as suggested by our IHC results which demonstrate that patients with higher tumoral ErbB3 expression are more sensitive to DA. It is unknown how lapatinib affects EGFR-ErbB3 heterodimers.
There has been concern on long term effects of cabergoline on cardiac valves. While lapatinib has a reported rare adverse event of decreasing systolic function, it does not affect the heart valves. Combining lapatinib with cabergoline should not exacerbate a potential valvulopathy, and the combined treatment could help decrease the dose of cabergoline required over time, thereby limiting cumulative dose effects over many years of therapy facing patients with resistant prolactinomas. During the course of the trial, subjects were able to postpone additional therapy, namely surgery or radiotherapy. These were young women who would face long-term sequelae from such invasive procedures, especially as they neither exhibit panhypopituitarism nor visual deficits. The first subject is indeed continuing to receive lapatinib and cabergoline and hopes to continue delaying further interventions.
In light of the clinical response to EGFR targeted therapy, we examined receptor expression in available prolactinomas, demonstrating that majority of prolactinomas exhibit variable ErbB expression, similar to previous reports [35, [44] [45] [46] [47] [48] [49] [50] [51] . We also demonstrate, as we previously showed for ACTH-secreting adenomas and prolactinomas [33, 52] , nuclear localization of EGFR in human prolactinoma tumor cells. We now report associations between selective ErbB receptor expression and tumoral invasion and response to DA.
ErbB3 expression was positively associated with tumoral invasion and also better response to DA treatment. ErbB3 mRNA was previously reported to be *40-fold higher in more aggressive prolactinoma specimens [35] . Interaction of ErbB3 and dopamine receptors in prolactinomas is unknown but may be a potential mechanism to explain this association. Heregulin, the ligand for ErbB3 and ErbB4, was shown to induce rapid ErbB2 and ErbB3 phosphorylation in GH 4 C 1 cells, leading to increasing PRL mRNA expression and secretion and associated with formation of ErbB2/ErbB3 heterodimers [35] . However, as GH 4 C 1 cells do not express D2 receptors, these findings Fig. 4 Prolactin levels and tumor volumes in second lapatinib treated subject. The MRI of subject 2 is depicted. a Baseline MRI demonstrates a hypoenhancing intrasellar mass inferolateral on the left side growing into the left cavernous sinus. The mass measures 9.9 mm transversely, 6.8 mm cephalocaudad, and 13.1 mm anteroposteriorly. b MRI after 6 months on lapatinib shows no change. c Graph shows PRL levels (ng/mL) and tumor volumes (mm 3 ) at baseline (study visit 1) and at monthly intervals may not reflect effects of ErbB3 receptors in human prolactinomas.
Several limitations to the pilot study render the results biased. While one subject had both a radiological and biochemical response to lapatinib, the other subject had a minimal reduction of PRL on the study drug with no change in tumor size. This may be related to differential adenoma expression of ErbB receptors, but this was unable to be assessed. It is possible that the reductions in PRL observed in the subjects were from continued use of dopamine agonists. In addition, additive or synergistic effect between lapatinib and DA cannot be excluded, however, DA treatment could not be discontinued because of potential rebound tumoral growth and PRL elevation, and there were also ethical concerns not to discontinue an approved therapy for prolactinomas in order to start an unproven monotherapy, namely lapatinib. It is unknown at this time whether these medications directly interact. However, it has been shown that EGF induces endogenous D2 receptor gene expression in GH3 cells leading to a tenfold increase in G i3 a subunit and increased PRL secretion [53] . TKIs may affect D2 receptors on prolactinomas which may account for reduced PRL levels observed in lapatinib treated subjects. Moreover, as shown here, ErbB3, which is not targeted by lapatinib, may be associated with tumoral invasion and response to DA, and, as ErbB3 heterodimerizes with ErbB2, may be a strong oncogenic stimulus. ErbB3 may exhibit different functions in pituitary adenomas. On the one hand, ErbB3 receptor expression promotes epithelial to mesenchymal transition which leads to invasion and metastases in breast cancer [54] , supporting our findings in the retrospective study. On the other hand, ErbB3 may have a synergistic function in relation to dopamine 2 receptors expressed on prolactinomas as suggested by the response of our subjects to lapatinib in combination with cabergoline. ErbB2/ErbB3 inhibitor effect on prolactinomas to suppress effects of ErbB3 receptor signaling requires study. Caveats which may confound interpretation of the results of the retrospective study include incomplete subject data, different interpretation of ''resistant'' prolactinomas by treating physicians, and relatively short follow-up durations. The classification of DA resistant patients is difficult as it may be limited to subjective interpretation by the treating physician and may have been due to use of standard doses of dopamine agonists without full escalation to higher doses. Further, the significance value of p = 0.05 was chosen to determine statistical significance though some retrospective analyses use p values of \0.01. While in larger studies, a smaller p value may be helpful to discriminate when multiple results show significance, given that the current study had a relatively small sample size, a p value of 0.05 was deemed adequate to assess for statistical significance. ErbB receptor scoring technique is limited by the subjective evaluation of the reviewers. Digital slide scanning potentially could improve accuracy of the scoring through quantitative assessments though these technologies were not available at the time of this study. While ErbB receptor expression is strongly associated with specific clinical features, this does not necessarily translate to causality.
In summary, this is the first pilot study evaluating the ErbB antagonist lapatinib in conjunction with a DA in patients with DA-resistant prolactinomas, demonstrating a beneficial effect of lapatinib on clinical outcome including reducing prolactin levels and tumor shrinkage in two subjects. Lapatinib was well tolerated and improved clinical symptoms, providing an alternative to more invasive interventions such as surgery and radiotherapy. Complementary assessment of ErbB receptors demonstrated expression of all four EGFR family receptors subtypes, including ErbB3 and ErbB4 which have rarely been described in pituitary tissue [35, 55] . Moreover, associations between ErbB receptor expression and clinical manifestations were observed, specifically tumoral invasion and symptoms, and response to dopamine agonists. Therefore, this study provides a rationale for comprehensive clinical trials using targeted ErbB therapies as combination therapy with dopamine agonists for resistant prolactinomas.
